A direct numerical simulation is performed for stagnation-region flow with free-stream turbulence. A fully implicit second-order time-advancement scheme with fourth-order finite differences and an optimized scheme are employed. The optimized scheme is developed to save computational cost. The free-stream turbulence is a precomputed field of isotropic turbulence. The present DNS results in the ''damping'' and ''attached amplifying'' regimes are found to be similar to those of the organized inflow disturbances. Emphasis is placed on the flow and temperature fields in the ''detached amplifying'' regime. The contours of instantaneous flow field illustrate that streamwise vortices are stretched in the streamwise direction by mean strain rate. The temperature field is also stretched in the streamwise direction near the wall. The surface contours reveal that the temperature field is influenced significantly by streamwise vorticity. Due to the dominance of the mean strain, the log-law region is not observed for ū and T , the inner scaling fails, but the outer scaling works. The single-point turbulence statistics and the turbulent statistics budgets are obtained. The flow statistics reflect the typical characteristics of stagnation-region flow which are generically different from those of other canonical shear flows. One of the typical features of the budgets is that the velocity pressure correlation and the turbulent transport play significant roles in the stagnation-region flow. Finally, the present simulation data are compared with experimental results. It is found that the effect of large-scale eddies on the enhancement of wall heat transfer is substantial in the turbulent stagnation-region heat transfer.
I. INTRODUCTION
In a stagnation region, flow comes in a wall-normal direction and turns to a direction parallel to the wall. Due to this typical streamline pattern, the vortex stretching by mean strain rate amplifies streamwise vorticity in the stagnation region. The amplified streamwise vorticity has been known to strongly influence the characteristics of stagnation-flow structure ͑Sutera, 1 Sadeh et al. 2 ͒. Furthermore, heat transfer in the stagnation region is substantial in many engineering applications. A flow over a turbine blade is one of widely known stagnation-region flows, and the prediction of the leading edge heat transfer is important for a turbine blade design which is one of the difficult tasks in the gas turbine industry ͑Van Fossen et al., 3 Wang et al. 4 ͒. A lack of sufficient information on the leading edge heat transfer leads to an excess heat load on the stagnation-region. Due to this, an early thermal crack occurs unexpectedly. Thus, an accurate prediction of heat transfer in the stagnation-region is of significant importance.
A literature survey reveals that many experimental and numerical studies have considered the stagnation-region flow. Kestin 5 investigated experimentally the effect of freestream turbulence on the stagnation-region heat transfer. He found that the wall heat transfer is enhanced more than two times the laminar value, which is contradictory to the results in a flat-plate boundary layer with the same free-stream turbulence. Traci et al. 6 used the Saffman-turbulence model to investigate the effect of free-stream turbulence on the stagnation-region flow and heat transfer. However, there were some difficulties in early investigations of stagnationregion flow. Since the stagnation-region flow becomes turbulent with the free-stream turbulence, not only understanding of the stagnation-flow itself, but also a common perception on general roles of free-stream turbulence in canonical geometry flows were required. Furthermore, the stability of stagnation-region flow to small amplitude disturbances has been still under debate ͑Brattkus et al. 7 ͒. Active studies were a͒ Author to whom correspondence should be addressed. Electronic mail:
hjsung@kaist.ac.kr revived after an accumulation of understanding the general roles of free-stream turbulence ͑Simonich et al., 8 Hancock et al., 9 Blair, 10 Bott 11 ͒. Recently, Ames et al. 12 conducted experiments where a mock combustor was used to generate the free-stream turbulence and the flow exiting the mock combustor impinged on the stagnation-region. Their results indicated that as the intensity and Reynolds number increase, the wall heat transfer is enhanced. The enhancement decreased with increasing the length scale. The work of Ames et al. was extended by Maciejewski et al. 13 who studied the effect of very high freestream turbulence on the stagnation-region flow and heat transfer. They suggested a new correlation that is suitable for the high free-stream turbulence. Champion et al. 14, 15 studied numerically the impinging jet on the wall using Reynolds stress models. Although the impinging jet is more complex than the stagnation-region flow, these results are reliable ͑Landreth et al., 16 Olsson et al. 17 ͒. Ueda et al. 18 conducted experiments on the stagnation-region flow at low free-stream turbulence. In their study, the rms values of streamwise velocity fluctuations decrease monotonically, while the fluctuations in the wall-normal direction reach a maximum near the wall. Xiong et al. 19 conducted a large eddy simulation on a leading edge heat transfer under the free-stream turbulence and found 11% increase of the wall heat transfer. They showed disturbed temperature structures at the leading edge.
The free-stream turbulence is generally known to influence the wall heat transfer significantly. Simonich et al. 8 demonstrated that the free-stream turbulence enhanced the wall heat transfer and the skin friction in a turbulent flat plate boundary layer. Hancock et al. 9 later proposed a scaling factor which is a function of the intensity and the integral length scale of the free-stream turbulence to account for these changes. As the intensity increases, the enhancements of wall heat transfer and skin friction increase, but the length scale shows a reverse trend: as the length scale decreases, the enhancement increases. They attributed this finding to a ''blocking effect'' of the wall toward the large scale energycontaining eddies. A series of numerical simulations with the organized inflow disturbances were conducted by Bae et al. 20 prior to the study of free-stream turbulence. In their study, the sensitivity of heat transfer to free-stream vorticity was scrutinized by varying the Reynolds number, the length scale and intensity of the organized inflow disturbances. The computational results disclosed the detailed behaviors of organized streamwise vortices near the stagnation-region. Three regimes of flow structure were found depending on the length scales of the organized inflow disturbances: ''damping,'' ''attached amplifying,'' and ''detached amplifying.'' Based on their results and previous experimental studies, it is expected that free-stream turbulence will affect the stagnation-region flow structures significantly.
In the present study, direct numerical simulations of the stagnation-region flow with free-stream turbulence are performed. The schematic diagram of direct numerical simulation is shown in Fig. 1 . The objectives of the present study are ͑i͒ to obtain realistic stagnation flow turbulence, ͑ii͒ to study the turbulence statistics and budgets, and ͑iii͒ to check whether the results with the organized inflow disturbances are applicable in the presence of free-stream turbulence. Emphasis is placed on the analysis of the characteristics of stagnation-region flow and heat transfer in the ''detached amplifying'' regime. Some numerical procedures are studied before conducting the simulations: two inflow methods are developed to generate the free-stream turbulence. Furthermore, an optimized finite difference scheme is devised to reduce the computational cost of DNS. The compressible momentum and energy equations are solved with the secondorder fully implicit Beam-Warming scheme ͑Beam et al.
21
͒ using the fourth-order central differencing and optimized schemes. The Reynolds numbers based on L are 10 000, 10 000, and 15 000 in the ''damping,'' ''attached amplifying,'' and ''detached amplifying'' regimes, respectively. L is a reference length scale, which is the distance from the wall to the location where u ϱ , ϱ , and ϱ are estimated. Here, ϱ represents the free-stream value. The intensities of the freestream turbulence are set to 5%, 25%, and 25%, respectively. The length scales of energy-containing eddies in the freestream turbulence are 2.5␦, 2.9␦, and 8. is the wall temperature and T o is a free-stream total temperature. Nonreflecting boundary conditions ͑Giles 22 ͒ are imposed at the inflow and outflow boundaries. Exit zones ͑Colonius et al. 23 ͒ are appended to the outflow boundaries. For turbulence statistics, two flow turn-over time is required approximately for the convergence of the budgets, which needs about 1500 CPU hours in CRAY C90. Additionally, 1000 more CPU hours are needed to get a statistically stable field.
II. MATHEMATICAL FORMULATION

A. Governing equations
Let ϱ , c ϱ , T ϱ , t ϱ , ϱ , k ϱ and L be the reference values of density, velocity, temperature, time, viscosity, thermal conductivity and length scale, respectively. Especially, c ϱ is chosen from the reference speed of sound. The nondimensional variables are defined as
where the asterisk * represents nondimensionalization and Ma is the Mach number. E t is a total energy. The Prandtl number Pr is also assumed to be constant which is set to 0.72. Thus, the thermal conductivity k is related to by the following relation:
where C p is the specific heat at constant pressure. The viscosity is assumed to depend on the power law of temperature:
where nϭ0.76. The total energy E t is defined as
where C v is the specific heat at constant volume.
The nondimensionalized governing equations used in the present study are the continuity, compressible momentum and energy equations which are expressed as
͑6͒
where Reϭ ϱ u ϱ L/ ϱ , S i j represents the strain rate tensor and ␥ is the specific heat ratio ␥ϭC p /C v . Since all variables are considered to be nondimensionalized in the rest of present paper, the asterisk * is dropped in Eqs. ͑4͒, ͑5͒, and ͑6͒.
B. Numerical method
The fully implicit Beam-Warming scheme ͑Beam et al.
21
͒ is adopted as the time advancement scheme. The first-order accurate formula is used at the first time step, and the second-accurate formula is used thereafter. For each time step, the successive line over-relaxation ͑SLOR͒ method is used for the matrix inversion. A fourth-order centraldifferencing scheme or an optimized scheme is used in space. Details regarding the optimized scheme are described in the Appendix.
In the present study, nonreflecting boundary conditions ͑Giles
22
͒ based on the Riemann invariant of the characteristics of Euler equation are imposed at the inflow and outflow boundaries. The no-slip and isothermal conditions are given at the wall. The temperature ratio of the isothermal wall is set to 0.8 which is a typical temperature ratio reported in a turbine blade. This rather high temperature ratio allows to simulate hot gases coming from a combustor and impinging on a surface of the turbine blade in a gas turbine.
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C. Inflow turbulence
General methodology
Stagnation-region flow is sensitive to the characteristics of free-stream turbulence. Among the characteristics, the intensity and the length scale have been known to play a key role in the enhancement of the wall heat transfer and the skin friction coefficient (C f ). The free-stream turbulence is idealized as homogeneous isotropic turbulence which is computed numerically from a random solenoidal fluctuation field ͑Lee et al., 25 Le et al. 26 ͒. To reduce the transition zone where the random fluctuations become realistic turbulence, a temporal simulation of isotropic homogeneous was conducted for the generation of inflow turbulence ͑Na, 27 Mahesh et al. 28 ͒. One instantaneous field of the temporal simulation is obtained in the present study, and then the field is Fourier transformed in the inflow direction (y). The transformed field is used as the free-stream turbulence by assuming the Taylor's hypothesis.
Suppose the mean convection velocity at the inflow boundary is V mean which is indeed uniform for the stagnation-region flow due to the constant mean strain rate. From the Taylor's hypothesis,
where F is any flow quantity related to the turbulence. Since the instantaneous field of temporal simulation is Fourier transformed,
where U ជ inflow (x,y,z) is the instantaneous field, U ជ inflow (x,k y ,z) is the Fourier-transformed field, N y is the number of grid points in the y direction, and k y is the wave number. Using Eq. ͑7͒, Eq. ͑8͒ is converted to
͑9͒
Adaptation to the present study
A temporal simulation of homogeneous and isotropic turbulence has been performed on a uniform grid. Along with the isotropy of the flow field, the isotropy of grid scheme results in the turbulence characteristics which do not pose any directionality. The present numerical simulation of stagnation-region flow, on the other hand, is performed on a nonuniform grid. For the generation of free-stream turbulence, the temporal simulation in a uniform grid would require 550ϫ96ϫ96 grid points approximately, which costs almost as much computing time as the main simulation. Thus, an alternative way to provide the free-stream turbulence should be considered.
Two approaches are proposed. The first is the supply of homogeneous and isotropic turbulence periodically in the x direction. Since the computational domain sizes and grid points in the y and z directions are the same in both the temporal simulation and the simulation of stagnation-region flow, any conversion is not necessary in the y and z directions. On the other hand, the computational domain in the x direction of the simulation of stagnation-region flow is much longer than the domain size of the temporal simulation. Accordingly, a periodic array of flow field in the x direction is used to supply the free-stream turbulence in the whole x domain of stagnation-region flow. Hereafter, this method is called ''Method 1.'' Figure 2͑a͒ shows the w velocity field of the free-stream turbulence by ''Method 1.'' The periodicity of velocity field in the x direction is clearly seen.
The second is the use of the same x computational domain size of the temporal simulation as that of the simulation of stagnation-region flow. The nonuniform grid is used in the x direction to reduce the computational cost. A uniform grid in the whole x axis is unnecessary because eddies only near the center of inflow boundary are convected to the boundary layer. The flows near the edge are simply convected to the outflow boundaries, never reaching to the boundary layer. A flow configuration of the generated free-stream turbulence is displayed in Fig. 2͑b͒ . This method is referred to ''Method 2.'' Inside the exit zone, small-scale motions of the velocity field are filtered, and only large-scale motions remain. On the other hand, small-scale eddies are observed in the center of domain. This means that the statistics are not homogeneous in the x direction.
Both methods have their pros and cons. ''Method 1'' maintains the homogeneity and isotropy of free-stream turbulence by using the uniform grid. However, it has a limited number of statistically independent samples due to the periodic array of homogeneous and isotropic turbulence. ''Method 1'' is employed in the ''damping'' and ''attached amplifying'' regimes. ''Method 2'' has more statistically independent sample than ''Method 1.'' However, it is observed that the homogeneity and isotropy of free-stream turbulence are maintained only in the center of domain where the size of grid spacing in the x direction is comparable to those in the y and z directions. Since the grid scheme in the x direction is the same as that used in the simulation of stagnation-region flow, the grid is more stretched in the edges of domain: this may cause the inhomogeneity and anisotropy in the outflow region. The simulation in the ''detached amplifying'' regime employs ''Method 2.''
To check whether the nonuniform grid scheme of ''Method 2'' affects the simulation results, the variations of statistics in the x direction are examined. Toward this end, the statistics are averaged in the y and z directions. Figure  3͑a͒ shows the variations of anisotropy tensor in the x direction,
where R i j represents the Reynolds stress and k denotes the turbulent kinetic energy. For Ϫ0.5рx/L x р0.5, the statistics are isotropic. The inhomogeneity in the x direction is not remarkable even in the exit zone, implying that the statistics of turbulent kinetic energy are not significantly influenced by the nonuniformity of grid scheme. On the other hand, the inhomogeneity in the stretched grid domain is seen for the statistics of velocity derivative skewness S i in Fig. 3͑b͒ . In the center region Ϫ0.2рxр0.2, the statistics are isotropic and homogeneous. However, they become anisotropic and inhomogeneous in the region of nonuniformity, i.e., in the exit zone. This shows that the higher-order statistics are influenced by the nonuniformity of grid scheme. However, the effect of nonuniformity is localized within the exit zone. As imagined by the streamlines of stagnation-region flow, the free-stream turbulence in the center convects through the stagnation boundary layer, while that originated from the exit zone hardly reaches the boundary layer. This justifies the use of ''Method 2'' even with the inhomogeneity and anisotropy occurring in the exit zone.
III. RESULTS AND DISCUSSION
A. Three regimes of flow and temperature fields
As mentioned earlier, stagnation-region flow has a strain field in the free-stream while a shear rate exists inside the boundary layer. This distinguishes the stagnation-region flow from other canonical geometry flows such as channel, flat plate boundary layer and mixing layer flows. One prominent feature of the stagnation-region flow is that the strain rate dominates the flow field outside the boundary layer. As the flow reaches the stagnation region from the free-stream, the strain rate elongates the streamwise vortex tube in the streamwise direction, amplifying the streamwise vorticity ( x ). By the vorticity amplification, the near-wall flow structures are changed significantly. Depending on the length scale of inflow disturbances, three regimes of flow field are classified, ''damping,'' ''attached amplifying,'' and ''detached amplifying'' regimes, respectively ͑Bae et al. 20 ͒. In the present direct numerical simulations, the free-stream turbulence is imposed at the inflow boundary, extending the prior studies of Bae et al. 20, 29 As shown in Fig. 1 , the coordinates x, y, and z denote the streamwise, wall-normal, and spanwise directions, respectively. The Reynolds number is based on L, where the length scale L is the distance from the wall to the free-stream. The Mach number is Maϭ0.4 to mimic the heat transfer in a turbine blade and the Prandtl number Prϭ0.72 for air. The no-slip and isothermal wall is imposed with T w /T o ϭ0.8 where the subscripts ''w'' and ''o'' denote the wall and total values, respectively. Giles' nonreflecting boundary condition is exploited at the inflow and outflow boundaries. The ''exit zone'' is also appended to the outflow boundaries to remove any disturbances into the computational domain. The governing equations are numerically integrated by using the Beam-Warming fully implicit time-advancement scheme. The fourth-order central differencing and optimized schemes are used for the spatial discretization. Details regarding the numerical conditions are listed in Table I , where l represents the length scale of energy containing eddies.
The instantaneous y -z contours of temperature T are illustrated in Fig. 4 for ͑a͒ the ''damping'' regime, ͑b͒ the ''attached amplifying'' regime, and ͑c͒ the ''detached amplifying'' regime. In the ''damping'' regime, the temperature field is not disturbed significantly by the free-stream turbulence. With the increase of the length scale of energycontaining eddies, the temperature field is more disturbed in Fig. 4͑b͒ where the length scale belongs to the ''attached amplifying'' regime. Although the flow is turbulent by imposing the free-stream turbulence at the inflow boundary, the temperature field is organized near the wall, illustrating large mushroom-type contours. These contours are similar to those of the organized inflow disturbances as shown in Bae et al. 20 In the ''detached amplifying'' regime, however, the temperature field is turbulent near the wall. Large randomly organized contours and small bump-type contours are detected together, which are also similar to those found in Xiong et al. 19 An overall examination of Fig. 4 indicates that the classification of the three regimes based on the organized inflow disturbances is valid in the case of the free-stream turbulence. This means that the length scale of energy-containing eddies in the free-stream turbulence is a key factor in the transition from the mildly disturbed temperature field to the turbulent one.
In the ''damping'' regime, the contours of ͑a͒ x and ͑b͒ v are displayed in Fig. 5 . As stated before, ''Method 1'' is employed to generate the free-stream turbulence. The streamwise vorticity decays from the free-stream so that the flow returns to a laminar flow near the wall. Negligible disturbances are shown in the v contours near the wall though the contours are disturbed in the free-stream. This is a typical flow phenomenon in the ''damping'' regime. The contours of ͑a͒ x and ͑b͒ v in the ''attached amplifying'' regime are demonstrated in Fig. 6 . Again, ''Method 1'' is used for the simulation. It is evident that the contours of x and v are more disturbed than those in the ''damping'' regime. x does not decay from the free-stream turbulence to the wall. The near-wall contours are similar to those of the inflow disturbances: the closed-loop contours of x near the wall are attached to the open-loop contours originated from the wall. However, the flow in this regime is marginally turbulent so that the contours are similar to those of the inflow disturbances. Details regarding the flow and temperature fields in To obtain a more realistic turbulent stagnation region flow, DNS with free-stream turbulence in the ''detached amplifying'' regime is conducted with ''Method 2.'' The optimized scheme described in the Appendix is employed in the z direction to save computational cost. Figure 7 shows the contours of ͑a͒ x and ͑b͒ v in the ''detached amplifying'' regime. The near-wall contours of x are similar to those obtained with the organized inflow disturbances. The contours denoted by ''A'' are similar to those in the ''attached amplifying'' regime and the contours by ''D'' represent the ''detached amplifying'' regime. Furthermore, the contours of v are seen to vary more violently than those in the ''attached amplifying'' regime. Hereafter, all the results are obtained from the simulation in the ''detached amplifying'' regime. [31] [32] [33] 
B. Instantaneous flow and temperature fields
A schematic diagram of the simulation in the ''detached amplifying'' regime is shown in Fig. 1 . The length scale l of energy-containing eddies is set as l/␦ϭ8 which belongs to the ''detached amplifying'' regime. The intensity of the freestream turbulence is set as vЈ/v ϭ0.25 at the free-stream. The Reynolds number Reϭ15 000 is based on L which is a reference length scale from the wall to the location where u ϱ , ϱ , and ϱ are estimated. The Mach number is Ma ϭ0.4 to mimic the flow from a combustor to a turbine blade. The computational domain is (132␦,21␦,33␦) in the x, y, and z directions, respectively, where ␦ is the 99% laminar boundary layer thickness. The number of grid points are (x,y,z)ϭ(255,224,96). The length of the exit zone is about 5␦. The laminar solution is used as an initial field.
The x -z contours of v at three y locations (y/␦ϭ21, 7.4 Fig. 8 . Note that the contours also represent those of vЈ since v is a function of y only. At y/␦ϭ21, most contours are in a round shape as expected from the homogeneous and isotropic turbulence. However, as flow goes downstream to y/␦ϭ7.4 and 1.8, the contours are stretched in the x direction and the large-scale contours are enlarged near the wall. Furthermore, the difference between the near-stagnation and the far-stagnation is insignificant near the wall. The enlarged contours are organized compared to the contours near the inflow boundary. This suggests that a random field is transformed to an organized field by the vortex stretching. The streamwise vortices are stretched in the x direction by the mean strain rate. Consequently, the streamwise vorticity is amplified as flow comes toward the wall. This amplified streamwise vorticity dominates the flow field near the wall, organizing the near-wall flow field. Compared to the general phenomena occurring in other canonical geometries where energy in a large-scale motion is mostly transferred to small-scale motions, the present stagnationregion flow exhibits a strong vortex stretching which supplies energy to a large-scale motion.
To look into the flow in detail, the x -z contours of x at the same y locations are displayed in Fig. 9 . The contours near the inflow boundary are isotropic and homogeneous though the contours near the outflow boundaries are slightly stretched in the x direction. At y/␦ϭ7.4 in Fig. 9͑b͒ , the large-scale vortices are rather stretched in the x direction even in the middle of the domain. However, the small-scale vortices are still isotropic and homogeneous. This may be attributed to the fact that the vortex stretching is generally efficient in large-scale motions and small-scale motions are convected by the mean flow. Near the wall, the large-scale motion is seen to be completely stretched in the x direction and the small-scale motions are detected less frequently in Fig. 9͑c͒ . It is interesting to find that all the contours are not stretched in the x direction: some contours are stretched and tilted to the z direction. Figure 10 demonstrates the x -z contours of T in the ''detached amplifying'' regime at y/␦ϭ(a) 20, ͑b͒ 3.7, and ͑c͒ 0.9, respectively. At the inflow boundary (y/␦ϭ20), the temperature contours are small and isotropic in the center of domain. Furthermore, the temperature fluctuations are small. As the flow comes downstream from y/␦ϭ20 to y/␦ϭ3.7, the temperature field is seen to be stretched in the x direction. This is due to the stretching of streamwise vortices by the mean strain rate. Near the wall (y/␦ϭ0.9), the contours are completely stretched in the x direction. Recalling Fig. 4͑c͒ , the stretched temperature contours correspond to the roots of the disturbed temperature contours. Compared to the contours at the inflow boundary (y/␦ϭ20), the near-wall contours are anisotropic and largely organized.
C. Mean quantities
Among the statistics obtained from the simulation, variations of the skin friction coefficient (C f ) along the x direction are plotted in Fig. 11 . C f is defined as
The average is taken both in time and in the spanwise direction. The profile of C f m is also included for comparison, where the subscript m represents the laminar value, i.e., the Hiemenz solution. In Fig. 11 , it is found that C f follows C f m in the region 15р͉x/␦͉р45. This suggests that the mean velocity gradient at the wall is not significantly disturbed by the free-stream turbulence. On the other hand, C f does not match with the laminar solution near the center of the stagnation region Ϫ15рx/␦р15. Furthermore, C f is not symmetric to the axis xϭ0 and the minimum is slightly shifted to x/␦ϷϪ3. This means that the supplied free-stream turbulence is not fully statistically symmetric. The numerical limitation of the statistically independent samples cannot be avoided even though the amplitude jittering is applied ͑Ma-hesh et al., 28 Na et al. 27 ͒. This limitation is amplified by the present geometrical characteristics of stagnation flow. In the stagnation region, the magnitude of velocity is extremely small so that once a flow reaches the region, it takes a long time to escape from the region. Due to this fact, the history of an early transient stage remains in the stagnation region for a longer time. To support this explanation, the free-stream turbulence statistics are examined in detail: the curves of both b i j and S i are not symmetric about xϭ0 in Fig. 3 . Furthermore, b i j at the slight left from xϭ0 is larger than b i j at the right. In the ranges ͉x/␦͉у45, C f is larger than C f m . Consequently, two regions of the stagnation-region flow are categorized: a near-stagnation region (Ϫ15рx/␦р15) and a far-stagnation region (15р͉x/␦͉р45).
The profiles of mean velocity ū are plotted against y for several x locations in Fig. 12͑a͒ . As expected from the Hiemenz solution, the mean velocity changes linearly by the factor of the mean strain rate S outside the boundary layer, i.e., ū ϷS•x. In Fig. 12͑b͒ , ū at x/␦ϭ20 is compared with the Hiemenz solution. The u and y coordinate are normalized as 
where u is defined as u ϭͱ w / w and the subscript ''w'' represents the wall value. It is evident that ū follows the Hiemenz solution near the wall. This demonstrates that the effect of free-stream turbulence on ū is minimal near the wall. Furthermore, it should be noted that the log law is no longer valid in the stagnation region. According to Patel, 34 the favorable pressure gradient affects the log law so that the log region could not be detected in the ū profile. The breakdown of log region was related to the reversion to the laminar flow by the favorable pressure gradient. The present result confirms Patel's experimental result, but the free-stream turbulence forces the stagnation-region flow to remain turbulent. On the other hand, the free-stream turbulence affects ū outside the boundary layer. The mean velocity ū in Fig.  12͑b͒ is larger than the Hiemenz solution at the edge of boundary layer. It is interesting to check whether the ''inner scaling'' and ''outer scaling'' of conventional boundary layer still hold in the stagnation region. Figure 13͑a͒ shows the profiles of u ϩ against y ϩ at three locations x/␦ϭϪ10, Ϫ20, and Ϫ30. Contrary to the inner scale rule valid in a flat plate boundary layer, it is not valid in the stagnation region: all curves are not collapsed into one near the wall. However, the outer scale rule is valid in the stagnation region which is shown in Fig. 13͑b͒ . The three curves collapse to one curve scaled by ␦ and u edge , where the subscript ''edge'' represents the value at the edge of boundary layer. An interesting feature is that the outer scale is valid even near the wall which is not in the flat plate boundary layer. Figure 13 shows that the mean u velocity profile in the presence of free-stream turbulence has some features similar to those of laminar flow, i.e., Hiemenz solution. This is attributed to the typical and exclusive flow features in the stagnation region. As shown in Fig. 5 , the free-stream turbulence triggers the stagnation-region turbulent flow which is associated with the amplified streamwise vorticity. The cores of the streamwise vorticity are mostly located outside the boundary layer. However, the strength of the streamwise vorticity is so strong that the near-wall flow structures are organized by a few large-scale eddies. The laminar-like near-wall features detected in the mean u velocity profile may be linked with the strong flow structures outside the boundary layer. The isotropic free-stream turbulence can hardly be sensed directly by an observer at the wall due to the organized eddies residing outside the boundary layer.
The profiles of mean temperature T are plotted against y for three x locations (x/␦ϭϪ30.6, Ϫ20.4, Ϫ10.2) in Fig.  14͑a͒ . The T and y coordinates are normalized by the corresponding inner scale such as
where St is the Stanton number. Similarly to the result of Fig.  13 , the log law is no longer valid in the turbulent stagnationregion heat transfer. Three curves do not collapse into one curve in Fig. 14͑a͒ . A logarithmic region is an equilibrium zone where the production and the dissipation balance. However, the present large randomly organized temperature field is not the ''equilibrium zone.'' On the other hand, the outer scale rule is valid for the turbulent stagnation-region heat transfer which is shown in Fig. 14͑b͒ . The three curves collapse to one curve normalized by the outer scales, y/␦ and (T edge ϪT )/(T edge ϪT w ). It is interesting to find that the validity of the outer scale extends to the near-wall location. A closer inspection of Fig. 14 demonstrates that the profile of T in the presence of the free-stream turbulence is similar to the laminar organized temperature profile. This is attributed to the typical flow feature in the stagnation region: the strength of the stretched streamwise vorticity is so strong that the near-wall flow structures are organized by a few large-scale eddies. 
D. Mean momentum and total energy budgets
The mean momentum budgets are scrutinized as
͑15͒
The x-momentum and y-momentum budgets are plotted in Fig. 15 at x/␦ϭϪ30.6. The y coordinate is normalized by ␦.
In the x-momentum budgets, the pressure gradient is balanced with the convection except the inside boundary layer, where the increase of the viscous diffusion is compensated by the decrease of the convection. The turbulent diffusion contributes to the budgets only at y/␦р1 and it supports the pressure gradient in the region. On the other hand, the budgets of the y-momentum equation show a different fashion.
In the region y/␦у5, the pressure gradient balances with the convection. Since v varies linearly in the region, the convection shows the same trend. At y/␦р5, the pressure gradient balances mostly with the turbulent diffusion. This trend is not expected in the case of laminar flow. Furthermore, the magnitude of the turbulent diffusion is significantly larger than those of the convection and the viscous diffusion. In fact, the viscous diffusion is negligible in the whole range. This implies that the free-stream turbulence affects the y-momentum equation significantly. Furthermore, the y-momentum turbulent diffusion is much larger than the x-momentum. The peak locations of both terms are not coincident. The peak of the x-momentum is located inside the boundary layer while the y-momentum has two peaks outside the boundary layer. The peaks of the y-momentum diffusion have an opposite sign to that of the pressure gradient in the region y/␦р5. The role of the positive pressure gradient in the y-momentum is to force the flow away from the wall in the y direction. At 3рy/␦р5, the pressure gradient is negative. This means that the pressure gradient pushes the flow toward the wall in the y direction. At the same range, the turbulent diffusion is positive, where the turbulent diffusion spreads y-momentum away from the wall. At y/␦р3, on the other hand, the opposite phenomenon occurs: the pressure gradient pushes the flow away from the wall and the turbulent diffusion does toward the wall. The role of the pressure gradient is reversed by that of the diffusion at y/␦Ϸ3, which is due to the presence of the stretched streamwise vortices. The turbulence statistics budgets of total energy Ẽ t are investigated to delineate the contribution of each term to Ẽ t . The Ẽ t equation is revisited as ͑16͒ Figure 16 illustrates Ẽ t budgets against y at ͑a͒ x/␦ϭ0.0 and ͑b͒ x/␦ϭ20.4. The y coordinate is normalized by ␦. In the near-stagnation region (x/␦ϭ0.0), the turbulent heat flux, the pressure work and the convection contribute positively to Ẽ t since their values are positive for the whole y range. On the other hand, the diffusion extracts the total energy. Since the free-stream has larger total energy than the near-wall flow, the total energy is decreased through the diffusion of heat as the flow comes from the free-stream to the wall. The Reynolds heat flux, the triple correlation and the viscous work are negligible in the budgets. In the far-stagnation region (x/␦ϭ20.4), the same trend is seen to be preserved. However, the viscous work is no longer negligible in the region y/␦р1.0. At the wall, the viscous work balances with the diffusion. An overall examination of Fig. 16 indicates that the budgets of Ẽ t are not changed significantly with the change of x except the viscous work and the diffusion. This suggests that the variations of Ẽ t are significant inside the boundary layer. On the contrary, the budgets of flow field vary significantly outside the boundary layer where the streamwise vortices are strongly active. This is attributed to the fact that the main mechanism for the loss of heat in the stagnation region is the diffusion which is generally active within the boundary layer. The loss of heat is mostly balanced with the turbulent heat flux for Ẽ t . This term is related to the transport of turbulent heat flux ẽ ЉvЉ which has been generally known to be a heat source term by turbulence.
E. Turbulence statistics and budgets
Since the streamwise vortex is stretched in the x direction, the variations of mean quantities in the x direction are small except ū which varies linearly with x. Accordingly, a statistical sampling in a small portion of the x direction does not deteriorate the statistical average. As shown in Fig. 17͑a͒ , the flow field in the small portion of x/␦ can be assumed to be homogeneous. This can be expected from Fig. 3͑b͒ discussed earlier. This average is called hereafter ''quasihomogeneous'' sampling. In Fig. 17͑b͒ , two averages are com- pared and they show the nearly same trend. However, the average without the ''quasihomogeneous'' sampling accompanies weak wiggles due to insufficient number of sampling. Hereafter, the statistical quantities are averaged by the ''quasihomogeneous'' sampling. The sampling width in the x direction for the ''quasihomogeneous'' sampling is varied between 3 -5␦.
Variations of the turbulence statistics are plotted against y/␦ at x/␦ϭ5.1 and x/␦ϭ20.4 in Fig. 18 
2 )/3. The sudden changes of the profiles in Figs. 18͑b͒ and 18͑d͒ at the inflow boundary (y/␦Ϸ21) are due to the fact that the free-stream turbulence is fed into the computational domain in the y direction so that the gradient in the y direction at the inflow boundary is not physical. Since the free-stream turbulence is isotropic turbulence, the transition zone is needed for the free-stream turbulence to become realistic turbulence.
For uЉ 2 , peaks are found at y/␦Ϸ0.5. Considering the peak locations of the x-momentum turbulent diffusion in Fig. 15 , the peak locations of uЉ 2 should coincide with those of the turbulent diffusion ͑Ueda et al. 18 ͒. However, the second peaks which are located at y/␦Ϸ5 were not observed by Ueda et al. 18 These peaks are linked with the development of flow structure in the region. It is seen that the peak of ṽ Љ 2 is the largest among those of other quantities due to the amplification of streamwise vorticity. This finding is consistent with the result of Bae et al., 20 in which the large-scale eddies affect the stagnation-region flow significantly. For wЉ 2 , it has been reported that only one large peak is located near the wall where the peak location of ũ Љ 2 resides. However, another peak of wЉ 2 is found to be located away from the peak location of vЉ 2 . Furthermore, the magnitudes of wЉ 2 peaks are not negligible. These findings may be related to the development of vortices at the location of the second peak. The shear stress ũ ЉvЉ is much smaller than the normal stresses over the entire flow. This is due to the strain-dominated nature of the stagnation-region flow.
The profiles of x Љ 2 in Figs. 18͑b͒ and 18͑d͒ illustrate the amplification of x by the mean strain rate as flow reaches from the inflow boundary toward the wall. Inflection points at y/␦Ϸ2 are detected in the profiles of x Љ 2 . The inflection point was also observed with the organized inflow disturbances where the length scale belongs to the ''detached amplifying'' regime ͑Bae et al. 20 ͒. This is attributed to the fact that the length scale of energy-containing eddies in the freestream turbulence belongs to the ''detached amplifying'' re- TЉuЉ profiles decrease with the decrease of x. However, the peak locations of TЉuЉ are the same for three x/␦. On the other hand, the curves of TЉvЉ for three locations follow the same trend, and the peaks are located further away from the wall than those of TЉuЉ . This is due to the fact that the mean u velocity varies linearly with x while the variation of the mean v velocity in the x direction is negligible. Additionally, the wall blocking enforces the peak of vЉ to be located away from the edge of boundary layer ͑Bae et al. 29 ͒. Due to this, the TЉvЉ profiles have significant values up to y/␦Ϸ10. In the region of active TЉvЉ , the streamwise vortices are also found to be strongly active. This indicates that the effect of streamwise vortices on the TЉvЉ profiles is more profound.
One of the main objectives in the present study is to obtain the turbulence statistics budgets in the stagnationregion flow. The Reynolds stress equation is expressed as
͑17͒
The budgets of ṽ Љ 2 against y/␦ at ͑a͒ x/␦ϭ0.0 and ͑b͒ x/␦ ϭ30.6 are shown in Fig. 20 . The budgets are normalized by
3 /␦. The y coordinate is normalized by ␦. It is truncated from y/␦ϭ12 to the inflow boundary, since the range belongs to the transition zone. The production, the velocity pressure and the turbulent transport are dominant, while the viscous transport and the dissipation are minor. It has been known that the velocity pressure and the turbulent transport are negligible in the turbulent channel and boundary layer flows ͑Kim et al., 35 Spalart
36
͒, but not small in the turbulent mixing layer ͑Rogers et al. 37 ͒. In the region 1 рy/␦р10, these two terms dominate other terms, although their influences are small close to the wall. Furthermore, their influences on the budgets are opposite, showing the opposite signs. The production is positive and its contribution to the budgets near the wall is small compared to that outside the boundary layer. Overall examination of the ṽ Љ 2 budgets indicates that their magnitudes are comparable to those of q 2 . This is because the wall-normal velocity impinges on the stagnation wall, which distinguishes the 35 Spalart 36 ͒. Compared to the budgets in other canonical geometries, the budgets in the stagnation-region flow are larger outside the boundary layer. This is because the flow outside the boundary layer is significantly disturbed by the vortices, as shown in Fig. 7 .
Near-wall behaviors of the budgets are investigated with the scaling w u 4 / w which was also used in other turbulent channel and boundary layer flows ͑Kim et al., 35 
F. Comparison with experiment
Finally, the present simulation data is compared with the pre-existing correlation in Fig. 22 . Ames et al. 12 proposed a correlation, 
Here, Nu is the Nusselt number and Re is the Reynolds number based on the cylinder diameter d. The Frössling number is denoted by FrϭNu/ͱRe. In the above, Lu is the integral length scale in free-stream turbulence, and Tu is the turbulence intensity. The enhancement of wall heat transfer by the free-stream turbulence in the ''detached amplifying'' regime is denoted by DNS. It is shown that the DNS result is consistent with Ames' correlation, indicating that the present results are realistic. Note that the rectangular, circular, and triangular symbols represent the results of the organized inflow disturbances in ''damping,'' ''attached amplifying,'' and ''detached amplifying'' regimes, respectively ͑Bae et al. 20 ͒. For DNS, the length scale of energy-containing eddies is l/␦ϭ8.0, which is interpreted as /␦ϭ8.0 in Fig. 22 where is the length scale of the organized inflow disturbances. Furthermore, the intensity of free-stream turbulence for DNS is ͱv Ј 2 /v in ϭ0.25. This is converted to Aϭ0. 25 •ͱ2 where A denotes the amplitude of the organized inflow disturbances. In comparison with the correlation of Ames, it should be noted that a conversion is needed between the present plane stagnation flow and the flow over a circular cylinder ͑Schlichting 39 ͒. The similarity between the organized inflow disturbances and the free-stream turbulence may suggest that the effect of large-scale eddies is substantial in the study of the wall heat transfer enhancement of the stagnation-region heat transfer with the free-stream turbulence.
IV. CONCLUSIONS
Direct numerical simulations of the stagnation-region flow with free-stream turbulence are performed in the ''damping,'' ''attached amplifying,'' and ''detached amplifying'' regimes. The fully implicit, second-order timeadvancement scheme with the fourth-order finite difference and the optimized scheme are used. The optimized scheme is devised to save on computational cost. The effect of the optimized scheme is illustrated by comparing the turbulence statistics of homogeneous and isotropic turbulence to those with different numerical schemes. The optimized scheme demonstrates more accurate results than the fourth-order finite-difference scheme for the statistics of velocity derivative skewness. Two methods are proposed for the generation of the free-stream turbulence. ''Method 1'' supplies the turbulence periodically in the spanwise direction, which is used in the ''damping'' and ''attached amplifying'' regimes. ''Method 2'' is employed in the entire x domain for the generation of the free-stream turbulence in the ''detached amplifying'' regime. The results in the ''damping'' and ''attached amplifying'' regimes are found to be similar to those with the organized inflow disturbances. On the other hand, the results in the ''detached amplifying'' regime show violent features of the flow and temperature fields. The contours of instantaneous flow field illustrate that the streamwise vortices are stretched in the streamwise direction by the mean strain rate. The contours of streamwise vorticity contain typical contour-shapes of the organized inflow disturbances in the ''attached amplifying'' and ''detached amplifying'' regimes. Due to the streamwise vortex stretching, the temperature field is stretched in the streamwise direction near the wall. Furthermore, the log-law region is not observed in ū and T . The inner scaling fails, but the outer scaling works. Due to the impingement of flow toward the wall, the turbulent diffusion of the y mean momentum is significantly larger than that of the x mean momentum. This finding is related to the evolution of streamwise vorticity outside the boundary layer. In the near-stagnation region, the turbulent heat flux, the pressure work, and the convection contribute positively to the Ẽ t budget, while the diffusion extracts the total energy. On the other hand, the viscous work balances with the diffusion at the wall in the far-stagnation region.
Details regarding the evolution of flow structures in the stagnation-region are investigated by the single-point turbulence statistics. For ũ Љ 2 , two peaks are found. The second peak which is located away from the boundary layer is linked with the evolution of flow structures. ṽ Љ 2 has the largest peak among those of other statistics and shows similar profiles to those of the organized inflow disturbances. By and uЉvЉ become more similar to those in the turbulent flat plate boundary layer, as flow approaches the outflow boundaries. This may demonstrate that the strong evolution of the stretched streamwise vortices outside the boundary layer maintains the stretched flow structure, while the near-wall flow structure in the far-stagnation region is affected by the same mechanism as that in the shear-layer flows.
Finally, the feasibility of the present simulations is validated by comparing with the pre-existing correlation. The present DNS result is in good agreement with the correlation. The similarity between the organized inflow disturbances and the free-stream turbulence may suggest that the effect of large-scale eddies is substantial in the study of the wall heat transfer enhancement of the turbulent stagnation-region heat transfer.
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APPENDIX: OPTIMIZED SCHEME
Flexibility in imposing a boundary condition often determines the numerical scheme of a simulation when the simulation is conducted with a complicated shape of boundary. Finite difference schemes have been used for DNS since they have a superior advantage over spectral methods in imposing the boundary condition. Spectral methods are the most accurate in the sense that high wave numbers are exactly represented; however, maintaining the spectral convergence when applied to a nonperiodic problem is difficult. On the other hand, finite differences are less accurate in representing the high wave numbers due to numerical dispersion and dissipation, but they are flexible enough to be applied to any complicated geometries. Consequently, a numerical scheme that is generically the finite difference scheme but has better high wave number representation has both strong points of finite difference and spectral schemes.
A spectral-like compact scheme is a finite difference scheme with almost the same high wave number representation as the spectral method up to k⌬xϭ It has been demonstrated that it is possible to have a numerical scheme which allows flexibility with the boundary condition and resolves sufficient high wave numbers. The disadvantage of the spectral-like compact scheme is that the computing time of this scheme is rather large since it is an implicit scheme that requires a solution of matrix inversion. Furthermore, imposing the boundary condition without destroying the formal order of accuracy ͑sixth-order accurate͒ is rather difficult. An optimized scheme is devised which uses five stencils and has a better high wave number representation than the fourth-order central differencing scheme. Note that the fourth-order central differencing scheme also uses five stencils. Additionally, this scheme has the same flexibility in imposing the boundary condition as the fourthorder central differencing scheme ͑Fig. 23͒.
First derivative
A five-point finite difference formula for the first derivative in a generic form is
where h is a step size and f is the function to which the finite difference formula is applied. By using the Taylor series expansion for f jϪ2 , f jϪ1 , f jϩ1 , and f jϩ2 at f j , and substituting the results into Eq. ͑A1͒, the following equation is sought: For the optimized scheme, only Eq. ͑A3͒ is imposed so that the scheme is formally second-order accurate, and one other relation is required to determine the coefficients a and b. To find out this relation, the wave number representation of the optimized scheme is investigated by using the Fourier analysis. The maximum value of optimized scheme is designed to reach up to 2% of kh. It is found that for maximum 2% deviation of D f 1 ,
bϭϪ0.106 357, aϭ͑1Ϫ4b ͒/2ϭ0.712 714. ͑A8͒
The optimized scheme with the above coefficients is used in the present simulation.
Second derivative
A fourth-order finite difference formula for the second derivative is expressed as 
Application of the optimized scheme to the simulation of decaying turbulence
The optimized scheme is tested by the numerical simulation of decaying turbulence with an initial Taylor microscale Reynolds number of 25. The simulation is conducted with 80 3 grid points. Then, it is compared with a 80 3 simulation with the spectral-like ͑sixth-order͒ compact finite differencing scheme, a 80 3 simulation with the fourth-order central differencing scheme and a 120 3 simulation with the fourth-order central differencing scheme. All simulations begin with the same initial field, therefore, the same Reynolds number. Table II summarizes the simulations. Figure 24͑a͒ shows the statistics of turbulent kinetic energy. The horizontal axis ͑time͒ is normalized by the flow turn-over time . All four curves collapse to almost one line. This is attributed to the fact that the statistics of turbulent kinetic energy depend mostly on the large-scale energycontaining eddies which are generally associated with the low wave number. Since all four schemes resolve the low wave number sufficiently, the statistics do not show a significant difference. Figure 24͑b͒ shows the statistics of ͱ w i
